Mice with targeted disruption of the TGFb2 gene display defects in epithelial-mesenchymal tissue interactions in several tissues including the developing cochlea. Specifically, the region of the spiral limbus and the overlying interdental cells, structures putatively involved in endolymphatic fluid homeostasis, display morphogenetic abnormalities. These findings prompted us to explore the pre-natal and post-natal expression of all three mammalian TGFb genes in the developing mouse inner ear. TGFb2 mRNA expression was identified throughout the cochlear epithelium at all of the developmental stages examined. TGFb3 mRNA expression was identified in the mesenchymal tissues of the cochlea surrounding the otic epithelium. We found no evidence for compensation by the other two TGFb isoforms in the cochleas of the TGFb2 mutants.
Introduction
During morphogenesis, it is the differential expression of genes in both time and space that is the basis for the growth and differentiation of tissues, including the inner ear. The developing inner ear begins as a thickening of the ectoderm on each side of the head on embryonic day 8.5 (E8.5) (Sher, 1971) . The thickened ectoderm invaginates on E9.5 to form the otocyst. Surrounding the otocyst is the periotic mesenchyme, which gives rise to the otic capsule and middle ear ossicles. The cochlear duct appears as an outpouching of the rostromedial portion of the otocyst at E12.5. The cochlear duct has approximately one-half turn at E13.5, one and onequarter turn by E14.5, and the final two and three-quarter turns by E18.5. Continued structural and functional maturation occurs postnatally in the mouse inner ear.
Reciprocal interactions between the developing otic epithelium and the periotic mesenchyme are known to be critical to normal inner ear morphogenesis. One group of peptides, the transforming growth factors betas (TGFb), participates in these interactions in a variety of developing tissues (Massague, 1990; Kingsley, 1994) . We have recently described the morphogenetic abnormalities of the cochleas of TGFb2 null mice (Sanford et al., 1997) . Briefly, the condensation of mesenchyme (spiral limbus) extending from the central axis of the cochlea at E17-E18 fails to appear in the mutant inner ears. Although preliminary studies fail to reveal developmental anomalies of the inner ears of TGFb1 or 3 mutants, we set out to describe the temporal and spatial patterns of expression of all three isoforms in the developing inner ears of normal mice, and of TGFb1 and 3 in the developing TGFb2 mutant inner ears. At E10.5, the normal otocyst can be seen as two circular epithelial structures on either side of the developing neural tube. TGFb2 mRNA expression was detected at low levels during this early developmental stage (data not shown). At E12.5, TGFb2 mRNA was detected in the epithelium of the cochlear duct prior to its emergence from the ventral otocyst (Fig. 1A,B) . At E14.5, as the cochlea had completed one and one-half turns, the expression of TGFb2 mRNA was restricted to the developing epithelium which ultimately gives rise to sensory and supporting cells of the mature cochlea (Fig. 1C,D) . This pattern of expression could be seen in the cochlear epithelium at E16.5 and E18.5, the period surrounding the condensation of the underlying mesenchyme of the developing spiral limbus (Fig. 1E,F and 1G,H, respectively). At postnatal day 14, the period of cochlear functional maturation, expression of TGFb2 mRNA was still apparent, albeit, less spatially restricted (data not shown). TGFb2 mRNA expression was also detected in the developing vestibular epithelium (E12.5-E18.5) (Fig. 1I) .
We next analyzed the temporal and spatial patterns of expression of TGFb1 and TGFb3 mRNA in the developing cochleas of wild-type mice, and also in the TGFb2-null mice. No TGFb1 mRNA expression was identified in the developing cochlea (E12.5-E18.5). In contrast, we detected TGFb3 mRNA in the mesenchyme (endostium) of the otic capsule at the timepoints examined (E14.5-E18.5) (Fig. 1J) . In contrast to TGFb2, the developing cochlear epithelium displayed no TGFb3 expression. When examining the temporal and spatial patterns of expression of TGFb1 and 3 mRNA in the TGFb2 knockout mice, we found no qualitative differences from their expression patterns in the developing wild-type cochleas, suggesting the regulatory mechanisms of these two isoforms are different from TGFb2 and are not redundant (data not shown). This is consistent with the non-overlapping phenotypes of the three TGFb knockout mice and suggests independent and non-compensatory roles for these three isoforms during inner ear morphogenesis.
Methods

Tissue preparation
Fetal heads were immersion fixed in DEPC-treated 4% paraformaldehyde in PBS at 4°C overnight. Specimens were cryoprotected in DEPC-treated 30% sucrose in PBS overnight at 4°C and embedded in M1. Sections (10 mm)
were mounted onto salinated RNase-free slides (Cel-Bio Assoc.), postfixed in DEPC-treated 4% paraformaldehyde in PBS, and dehydrated through a graded series of ethanol solutions. Representative histological sections were prepared on gelatin-coated slides. After overnight air drying, they were immersed in 1% Toluidine blue with 0.5% sodium borate, and destained in ethanol prior to coverslipping.
Probe preparation and in-situ hybridization
cDNA for each of the three mammalian TGFb isoforms was generously provided by Dr. H.L. Moses (Vanderbilt University). Sense and antisense RNA probes were synthesized using standard protocols (Riboprobe Gemini Core System II, Promega). The cDNA templates were linearized by restriction endonuclease digestion at each end of the multiple cloning site of the pGEM vector (Promega), gel purified (Gene-Clean, Bio 101) and radiolabeled with [a-35 S]UTP. For hybridization, the probes were diluted 1:15 in a solution of 50% formamide, 300 mM NaCl, 20 mM Tris-HCl (pH 8.0), 5 mM EDTA, 10 mM NaPO 4 (pH 8.0), 10% dextran sulfate, 1× Denhardt's, and 0.5 mg/ml yeast tRNA. Hybridization was performed as described in Simmons et al. (1989) and Luo et al. (1993) . Fig. 1 . Representative toluidine blue stained histological sections (left column) and adjacent dark-field autoradiographs (right column) of wild-type embryonic mouse cochleas hybridized to an antisense TGFb2 RNA probe (E12.5 = A,B; E114.5 = C,D; E16.5 = E,F; E18.5 = G,H) and dark-field autoradiographs of E18.5 inner ears demonstrating hybridization of an antisense TGFb2 RNA probe to the crista ampullaris of the horizontal semicircular canal (I) and hybridization of an antisense TGFb3 RNA probe to the periotic mesenchyme (J). Arrows in A-H indicate the cochlear epithelium. Arrows in I and J represent the crista ampullaris of the horizontal semicircular canal and periotic mesenchyme, respectively.
